Abstract Two-phase olive mill waste (TPOMW) is presently the major waste produced by the olive mill industry. This waste has potential to be used as substrate for solid state fermentation (SSF) despite of its high concentration of phenolic compounds and low nitrogen content. In this work, it is demonstrated that mixtures of TPOMW with winery wastes support the production of lipase by Aspergillus spp. By agar plate screening, Aspergillus niger MUM 03.58, Aspergillus ibericus MUM 03.49, and Aspergillus uvarum MUM 08.01 were chosen for lipase production by SSF. Plackett-Burman experimental design was employed to evaluate the effect of substrate composition and time on lipase production. The highest amounts of lipase were produced by A. ibericus on a mixture of TPOMW, urea, and exhausted grape mark (EGM). Urea was found to be the most influent factor for the lipase production. Further optimization of lipase production by A. ibericus using a full factorial design (3 2 ) conducted to optimal conditions of substrate composition (0.073 g urea/g and 25 % of EGM) achieve 18.67 U/g of lipolytic activity.
enzymes production by SSF with A. uvarum are available. However, A. japonicus isolated from olive mill wastes showed lipolytic and cellulolytic activity [21] . Aspergillus ibericus is a new species isolated from wine grapes [22] . It was able to produce lipases in submerged fermentation (SmF) using OMWW as substrate [4] .
In this paper, we report a screening survey on the production of extracellular lipases by different filamentous fungi and an evaluation of the potential use of wastes from wineries and olive oil mills as substrates for lipase production by selected fungi using SSF. The optimization of the fermentation medium for the most promising species, A. ibericus, using a full factorial design is also reported.
Materials and Methods

Raw Material
The waste samples were collected from industries in the area in season 2011/2012 and stored at −20°C. The solid residues were TPOMW, EGM, and vineshoot trimmings (VT). The liquid wastes were V and OMWW. Nitrogen and carbon in solid residues were analyzed using a Thermo Finningan Flash Elemental Analyzer 1112 series, San Jose, CA (USA). Free reducing sugars, total phenols, and proteins in solid residues were measured after extraction with water 1:5 (w/v). Reducing sugars were determined by dinitrosalicylic acid method. Lipids (total fat contents) were extracted with diethyl ether, in a Soxtec System HT2 1045-extraction unit. Protein was analyzed by Bradford method. Total phenols were measured by the FolinCiocalteu method using caffeic acid as standard. Total nitrogen in liquid residues was determined by the test kit from Hach Lange LCK 338. For COD determination, the test kit from Hach Lange LCK914 was used according the manufacturer method. Total organic carbon (TOC) in liquid residues was quantified by the test kit from Hach Lange LCK 387. Total solids were analyzed by oven-dried to constant weight at 102°C.
The standardized solid wastes possessed the following characteristics (mean values±SD; n=3), TPOMW: C, 516.61±15.43 g/kg; N, 8.59±1.92 g/kg; reducing sugars, 24.30± 1.42 mg/g; protein, 0.3±0.03 mg/g; total phenols, 2.57 ±0.04 mg/g; lipids, 102.46± 0.04 mg/g. The composition of EGM was as follows: C, 482.37±16.07 g/kg; N, 16.97± 6.26 g/kg; reducing sugars, 3.00±0.01 mg/g; protein, 1.3±0.01 mg/g; total phenols, 0.19± 0.01 mg/g; lipids, 21.30±0.01 mg/g. VT composition was the following: C, 453.56±2. 21 
Microorganisms
Representative strains of the most common black Aspergillus species were used and are listed in Table 1 . Strains were obtained from MUM culture collection (University of Minho, Braga, Portugal). They were revived on malt extract agar (MEA) plates (2 % malt extract, 2 % glucose, 0.1 % peptone, and 2 % agar) from preserved glycerol stocks stored at −80°C. Then subcultured on MEA slants and incubated at 25°C for 7 days to obtain inoculum for SSF. During the experimental period, strains were preserved at 4°C and cultured monthly on fresh MEA slants.
Fungi Selection Assay
Fungal strains were screened for their ability to produce extracellular lipases and proteases. Culture medium to determine enzymatic activity on solid agar plates was prepared by adding 3 g/L NaNO 3 , 1 g/L K 2 HPO 4 
, 20 g/L agar, and substrate for each enzymatic activity determination. All media were adjusted to pH 5.6 and autoclaved at 121°C for 15 min. After, 20 mL of medium was poured into sterile Petri plate and allowed to solidify. The fungal cultures were inoculated at the center of plate containing sterile medium and incubated at 25°C during 5 days.
Two methods were tested to determine lipase activity. A fluorescence lipase assay that is based on the interaction of Rhodamine B with fatty acid released during the enzyme hydrolysis of olive oil [23] and the tributyrin method. Rhodamine B (10 mL/L) and olive oil (25 g/L) were added to medium previously described. Petri plates were observed every day under UV light at 350 nm. Lipase activity was detected by orange fluorescence halo around the colony. In tributyrin method, 10 g/L of tributyrin was added as substrate along with the described medium. Lipolytic activity was identified by clear zone of medium around the colony.
To measure proteolytic activity, 10 g/L of powdered skimmed milk was added to the described medium. Proteolytic activity was detected by the appearance of clear zone of medium around growth colony.
Solid State Fermentation
Fermentations were carried out in Erlenmeyer flask of 500 mL with 30 g of dry solid substrate. Compositions of media were defined in Table 2 . Moisture level was adjusted to 75 % (wet In EGM/TPOMW and VTS/TPOMW ratio the value of 0 represents only the use of TPOMW. Units expresses as unit per gram of dry solid substrate PA proteolytic activity, LA lipolytic activity; not protein activities on A. ibericus and A. uvarum fermentations
Gram of dry solid substrate basis). Erlenmeyer with substrate were sterilized at 121°C, for 15 min. Independent fermentations were performed with A. niger, A. ibericus, and A. uvarum. For the inoculation, spores of fungus grown in MEA medium slant tubes were suspended in a sterilized solution composed by 0.1 % of peptone and 0.01 % of Tween 80. The inoculum spore concentration was adjusted to 10 6 spores/mL using a Neubauer counting chamber. Each flask was inoculated with 2 mL of the spore suspension and incubated at 25°C for 7 or 14 days.
The extraction of enzymes was performed at the end of each experiment (7 or 14 days) with a solution composed of 1 % NaCl and 0.5 % Triton X-100 at 4°C in a solid/liquid ratio of 1:5, and 2 h of stirring. Following, extracts were centrifuged (12,225×g, 10 min) and filtered through Whatman no. 1 filter paper.
Plackett-Burman Experimental Design
The Plackett-Burman experimental design is a statistical approach chosen to evaluate the effect of mixtures of olive mills and winery wastes on the lipases and proteases production by SSF, seven independent variables were screened in eight combinations ( Table 2) . PlackettBurman design is a fraction of a two-level factorial design and allows investigation of n−1 variables with at least n experiments. In addition, three center points were added to the eight experiments to ensure enough degrees of freedom for error evaluation. Experiments were carried out in randomize order to avoid protection against the effects of lurking variables. This design assumes that there are no interactions between the different media components (x i ) in the range of variables under consideration. The following first-order polynomial model was used to describe the results (Eq. 1):
Where Y is the response value, β 0 is the model intercept, β i is the linear coefficient, x i is the level of the independent variable, and ε is the curvature effect.
The factors were as follows: addition of EGM, VTS, OMWW, V, nutrients, urea, and fermentation time. Lipase and protease activities were taken as the responses. The factors that have confidence level above 95 % were considered the most significant factors affecting enzyme production. The main effect of the substrate composition, regression coefficients, P values, and correlation coefficients were determined using Statistica version 5.0 (Statsoft, USA).
Full Factorial Design
To optimized lipase production full factorial design was planned. The two variables that presented higher effect on lipase production in previously Plackett-Burman design were selected to test on three levels in a 3 2 full factorial design. This design allows estimating the significance of parameters and their interaction using Student's t tests. The experimental design was performed in 11 experiments with three replicates in the center point. For statistical calculation, the variables were coded according to Eq. 2:
where, x i is the dimensionless coded value of the independent variable, X 0 is the value of independent variable at the center point, and δX is the step change.
The interrelationship between dependent and independent variables was established by Eq. 3:
where y is predicted response, b 0 is the model constant, x 1 and x 2 are independent variables (coded), b 1 and b 2 are linear coefficients, b 12 is cross-product coefficient, and b 11 and b 22 are the quadratic coefficients. The experimental data were evaluated by response surface methodology using Statistica 5.0 software. Dependent variable was optimized using an application of commercial software (Solver, Microsoft Excel 2007, Redmon, WA, USA).
Lipase Activity
Lipolytic activity was determined in the extract solutions from SSF. A spectrophotometric method was carried out using p-nitrophenyl-butyrate in sodium acetate buffer 50 mM (pH 5.6) as substrate. The reaction mixture was incubated at 37°C for 15 min and stopped by addition of acetone [24] . The absorbance was measured at a wavelength at 405 nm. A blank without enzymatic extract was performed in each analysis. One unit of activity was defined as the amount of enzyme required to release 1 μmol of p-nitrophenol per minute, under the assay conditions. Lipase activity was reported in terms of units per gram of dry substrate in SSF.
Protease Activity
Protease activity was quantified by spectrophotometric method [25] which is based on the reaction of 0.5 mL of SSF extracts with 0.5 mL of 0.5 % (w/v) azocasein in acetate buffer 50 mM (pH 5) at 37°C, 40 min. After incubation, 10 % (w/v) trichloroacetic acid was added to precipitate residual protein not hydrolyzed by the proteolytic enzymes. The sample was centrifuged (3,000×g, 5 min) and a solution of potassium hydroxide 5 N was added to the supernatant, producing a pinky-orange color. The intensity of this coloration was measured at a wavelength of 428 nm. The blank was performed under the same conditions, but adding trichloroacetic acid before incubation. One unit of proteolytic activity was defined as the amount of enzyme that produced an increase of 0.01 of absorbance relatively to the blank per minute, under the assay conditions.
Biomass Estimation
The growth of fungi was estimated by ergosterol content measurements. A modification of the method by Mar et al. [26] was applied. The extraction of fungal colony from SSF was performed by mixing 20 mL of KOH (10 % in methanol) with 1 g of fermented solid. The mixture was stirred with magnetic agitation for 30 min at room temperature. Following this, the mixture was maintained in a hot water bath at 55°C for 20 min. The mixture was centrifuged at 3,000×g during 5 min and 10 mL of supernatant was transferred to a tube. Three milliliters of water and 2 mL of hexane were added. After 1 min of agitation in Vortex mixer and separation of the layers, the upper layer (hexane) was transferred to another tube. This extraction process was repeated twice. The extracts were combined and evaporated with nitrogen stream and the dry extracts were dissolved in 2 mL of methanol. The ergosterol content in methanol solution was determined using an HPLC Varian equipped by autosampler (Basic-Marathon, Spark), isocratic pump (Varian 9002), and UV detector (Varian ProStar). The column was a reverse phase-C18 (Waters Spherisorb ODS2, 4.6×250 mm). The mobile phase was methanol at a flow rate of 1 mL/min and detection was made at 282 nm. The ergosterol was identified by comparing retention times with ergosterol standard (from Sigma) and it was quantified by calibration curve.
Results and Discussion
Selection of Fungi for Enzymes Production
The aim of this study was to screen black Aspergillus fungi for enzyme production and to select the most efficient strains for the target enzymes. Different enzymatic tests were performed (proteolytic and lipolytic activity) with strains of A. niger, A. uvarum, A. ibericus, Aspergillus foetidus, and Aspergillus tubingensis. Table 1 shows the results of the assays carried out on solid media, in which enzymatic activity of fungal species was determined by measuring the diameter of halos formed by colonies in the agar plates after 5 days of growth. All fungi presented lipolytic activity measured by Rhodamine B method using commercial olive oil as substrate because all showed an orange fluorescent halo. On the contrary, not all showed activity when tributyrine was used as substrate. Tributyrin assay is the most commonly used method for screening lipase production. However, tributyrin is not considered to be a true lipid as it disperses easily in water and can be cleaved by other esterases [27] . Fungal lipases showed higher substrate specificity for olive oil (long-chain triglycerides) than for tributyrin (short-chain triglycerides). Esterases and lipases are carboxylic ester hydrolases that catalyze both the hydrolysis and the synthesis of ester bonds. Esterases hydrolyze short-chain carboxylic acids, whereas lipases prefer long-chain acylglycerides [28] . Only some strains of A. niger, A. tubingensis, and A. uvarum showed moderate proteolytic activity.
Based on these preliminary data, A. niger MUM 03.58, A. ibericus MUM 03.49, and A. uvarum MUM 08.01 were selected for further studies, in addition A. uvarum and A. ibericus were selected because they are strains not studied on SSF.
Screening of Substrate Composition for SSF Using a Plackett-Burman Design
In this study, selected fungi were inoculated on winery and oil mill waste for production of enzymes by SSF. In initial tests, a poor growth of fungi on TPOMW was observed (data not shown). A similar behavior is found in several reported works. For example, A. niger exhibited slower growth on TPOMW than on sugar-beet waste and rice hulls [29] . Additionally, Aloui et al. [16] observed that A. niger was inhibited by TPOMW, but that mixtures of TPOMW with sugarcane bagasse clearly increased the fungal growth. This strong microbial inhibition is probably caused by the high initial concentration of phenolic compounds because also in composting processes of TPOMW, long composting periods are needed for this kind of material due to the presence of fats and phenols [30] . Further, it was observed that the addition of other wastes to TPOMW could stimulate growth of fungi and the production of enzymes in SSF processes because it could improve the transfer of oxygen and reduce toxicity [16] . In the present work, residues of the wine industry were selected to improve the fermentable characteristics of TPOMW in order to obtain higher yields of lipase.
To evaluate the effect of TPOMW mixture with other agro-industrial by-products in SSF, a Plackett-Burman experimental design was used. An experimental design for each microorganism was performed using 11 different fermentation conditions as shown in Table 2 . This design allowed evaluating the main effect of EGM, VTS, OMWW, V, nutrients, urea addition, and time upon enzymes production by SSF.
Lipases and proteases enzymes activities were determined in extracts. Table 2 presents enzyme activities detected in extract from SSF of the three selected fungal strains. In general, a wide variation can be observed in enzyme activities reported. This variation shows the influence of substrate composition and the importance of medium composition to attain a higher production of enzymes. Table 3 shows coefficients of regression and correlation coefficients (R 2 ) of each design. Significant coefficients were identified by asterisk. Regression coefficients allow the determination of the effect of each constituent. A high value of regression coefficient indicates that a factor has a large impact on dependent variable. A R 2 close to 1 indicates a good correlation between the predicted response value and the actual response value. A possible curvature effect was included in the model.
The three tested strains (A. niger MUM 03.58, A. ibericus MUM 03.49, and A. uvarum MUM 08.01) showed lipolytic activity (Table 2) , agreeing with previous solid agar tests (Table 1) . A. ibericus was the most suitable fungus for lipase production by SSF. Maximum lipolytic activity was achieved in experiment 1 (14.83 U/g of dry substrate), followed by experiment 4. This is the first report in literature about A. ibericus in SSF, although its potential as producer of lipases has already been demonstrated in SmF [4] . Falony et al. [31] studied lipase production by A. niger J-1 by SSF of wheat bran; they achieved a maximum activity of 9.14 IU/g of dry substrate. Using crude olive oil cake as substrate in SSF, Candida utilis achieved a maximum activity of 14.5 U/g of dry substrate [14] . This value was increased through supplementation of the substrate with different carbon and nitrogen sources. Figure 1a displays the main effect of each studied variable upon lipolytic activity in fermentation with A. ibericus. All supplements were positive, except for the addition of nutrients that had a negative effect. Urea was found to be the most influential variable in lipase production. Urea is a cheap source of nitrogen for microorganisms. A positive effect of urea in enzymes production have been observed in other works, the highest value of lipolytic activity by A. niger J-1 was attained in the presence of urea [31] . An optimization study of chemical composition of medium found that urea was the best sole nitrogen source for lipase production by Candida lipolytica [32] . Additionally, a large fermentation time presented a clear positive effect on lipase production. EGM, VTS, and V showed a positive effect; EGM PA proteolytic activity, LA lipolytic activity *Significant coefficient at the 95 % was the supplemented waste with the highest effect on lipase production. Thus, the mixture of TPOMW with wineries wastes can lead to a reduction in production costs of lipases. OMWW presented a low effect on lipolytic activity; this waste generally contains variable quantities of residual olive oil, strictly depending on the extraction process efficiency [33] . Residual olive oil may favor the production of lipases [32] ; nevertheless, the high inhibitory effect of phenolic compounds contained in OMWW may be the reason for the little effect on lipase production by SSF. Proteases are one of the most important groups of industrial enzymes [34] . Only A. niger showed detectable protease activity, being the maximum activity attained in experiment 1 (3.03 U/g of dry substrate). Figure 1b displays the main effects of studied variables. It can be concluded that protease activity was significant when TPOMW and VTS were used as solid substrates and nutritional supplements were added (OMWW, V, nutrients, and urea), whereas a negative effect of addition EGM was observed. In addition, maxima activities were detected when SSF were carried out during 14 days.
This can be an advantage when developing SSF processes since low proteolytic activity may avoid inactivation of other secreted enzymes and benefit the accumulation of those in the substrate, improving production yields.
Optimization of Lipase Production by Full Factorial Design 3 2
Considering that urea and EGM were the variables with higher effect on lipase production by SSF of TPOMW according to the results of the Plackett-Burman experimental design. The medium composition for production of lipases by A. ibericus was optimized using a three-level factorial design, which studied two factors in nine runs with additional two central points, linear and quadratics interactions were taken into account in the model. The range of variation of urea was set from 0.01 to 0.1 g/gds and the EGM varied from 25 to 75 % of dry substrate. Fermentation conditions were the same as in the previous design. The enzyme extractions were carried out at 14 days of fermentation. Table 4 shows the predicted response by the model (Y 1 ) and experimental data observed in experiments (y 1 ). As it can be seen, no significant differences between the model predicted and observed data were found. Table 5 lists regression coefficients and their statistical significance (based on a t test) as well as the statistical parameters, which measure the goodness of model. The Fisher test (F) can show better fit of Three-dimensional response surface curve plot allows determining the interaction of the independent variables and the optimum levels that have the most significant effect on dependent variable. Figure 2 describes the effect of urea and EGM on lipase production when added to TPOMW. It can be seen that the lipase activity increased gradually with the increase of urea until it reaches a certain value, after which lipase activity began to descend. Contrariwise, EGM has no effect on lipase activity. This observation can also be seen in Table 5 , where urea is the only factor showing regression coefficients of linear and quadratic terms with significant effect at 95 %.
Using the "solver" application of Microsoft Excel, the maximum lipase activity predicted by model was determined. Under the best conditions, 19.85 U/g was obtained mixing TPOMW with 0.073 g urea/g and 25 % of EGM. This value is higher than the maximum activity achieved in Plackett-Burman design (14.84 U/g). Thus, the full factorial design allowed improving the lipase production. To validate the model, an experiment at the best conditions was planned. In this study, the enzymes activity and ergosterol content during several days were evaluated and their values were represented in Fig. 3 . Ergosterol is a component of fungal cell membranes that can be used to quantify fungal growth in SSF [35] . It can be observed that at the beginning of fermentation the concentration of ergosterol was increasing even if no lipase activity was detected during the first 2 days. On the fifth day, the maximum lipase activity was achieved and it was maintained up to 12 days. After that, the activity slightly decreased, most probably due to proteolysis. The maximum activity reached was 18.67 U/g, which is similar to the theoretical value predicted by the model (19.85 U/g).
Conclusions
A. ibericus MUM 03.49, A. niger MUM 03.58, and A.uvarum MUM 08.01 were selected as suitable microorganisms to produce lipase on SSF.
The effect of substrate type on lipase production has been observed, which was stimulated by adding EGM and urea to TPOMW. A. ibericus demonstrated to be the best producer of lipase by SSF.
The optimization of substrate composition for lipase production (0.073 g urea/g and 25 % of EGM) by A. ibericus allowed increasing the lipolytic activity to 18.67 U/g. The results herein reported may have potential application on the simultaneous management and valorization of olive mill and wineries wastes.
